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ABSTRACT Accuracy of evolutionary analysis of popula-
tions within a species requires the testing of a large number of
genetic polymorphisms belonging to many loci. We report here
a reconstruction of human differentiation based on 100 DNA
polymorphisms tested in five populations from four continents.
The results agree with earlier conclusions based on other classes
of genetic markers but reveal that Europeans do not fit a simple
model of independently evolving populations with equal evolu-
tionary rates. Evolutionary models involving early admixture
are compatible with the data. Taking one such model into
account, we examined through simulation whether random
genetic drift alone might explain the variation among gene
frequencies across populations and genes. A measure of varia-
tion among populations was calculated for each polymorphism,
and its distribution for the 100 polymorphisms was compared
with that expected for a drift-only hypothesis. At least two-thirds
of the polymorphisms appear to be selectively neutral, but there
are significant deviations at the two ends of the observed
distribution of the measure of variation: a slight excess of
polymorphisms with low variation and a greater excess with high
variation. This indicates that a few DNA polymorphisms are
affected by natural selection, rarely heterotic, and more often
disruptive, while most are selectively neutral.

This paper presents results of the first phase of our study of
human evolution based on nuclear DNA variation in five
populations studied for a selected set of 100 DNA polymor-
phisms. At this stage we have chosen to focus on a large
number of markers typed on each of a small number of
defined populations because the reliability of conclusions is
so dependent on the number of independent markers (1-3).
Using these data (presented in detail in ref. 38), we examine
the shape of the tree and compare it with earlier trees,
investigate an observed anomaly of evolutionary rates, and
study variation of different genes and its bearing on the
theory of neutral evolution.

Prior studies of human populations using DNA markers
have been limited almost entirely to mitochondrial DNA (4,
5) and the much less informative f3-globin region (6) or have
involved combinations of data from different populations for
a great variety of loci (7). These studies supported previous
conclusions (8) regarding the early separation of African and
non-African lineages, based on classical polymorphisms
(studied by electrophoresis of proteins and immunological
tests). A further, more extensive analysis ofclassical markers
has confirmed this conclusion (9).
There are now >2000 (2064 as of July 1990; unpublished

observation) catalogued and documented DNA polymor-
phisms. Most of these are standard restriction fragment

length polymorphisms (RFLPs) (10-12), but some of the
more recently discovered polymorphisms have been typed
using the polymerase chain reaction (13, 14). The two tech-
niques provide an enormous, previously untapped source of
genetic markers. As discussed elsewhere (38), the data set
analyzed here is the beginning of a reference set for future
comparisons of a large number of populations.

Data

The populations typed for 100 DNA markers were (i) indi-
viduals of European origin from ongoing studies in our
laboratories or reported in the literature; (ii) Chinese born in
mainland China living in the San Francisco Bay Area; (iii)
non-Austronesian speaking Melanesians from Bougainville
(blood samples collected by J. Friedlaender); and (iv and v)
two groups of African Pygmies, one from the Central African
Republic and the other from northeastern Zaire. Thus they
are fairly representative of the world's aboriginal popula-
tions, except for Amerind populations, who are presently
being typed. The Pygmies of the Central African Republic are
probably an admixture of about three-fourths non-Pygmy
African ancestry and one-fourth Pygmy ancestry of the Zaire
type (15) on the basis of classical markers; this is reflected in
their taller size compared with the other Pygmy group, from
Zaire, believed to be less mixed and more representative of
these hunter-gatherer populations.

In order to obtain sufficient DNA, B lymphocytes from
samples of the selected indigenous populations were trans-
formed with Epstein-Barr virus. DNA from these cell lines
was tested for polymorphism of both known and anonymous
DNA segments (16, 17). The average number of chromo-
somes screened per population is 50.3 for African Pygmies
from Zaire, 43.7 for Pygmies from the Central African
Republic, 109.7 for Europeans, 63.8 for Chinese, and 25.8 for
Melanesians. We previously reported (17) detailed data from
the same five populations including methods and probes used
for 47 RFLPs. Data for the remaining polymorphisms are
published separately (38). Statistical reliability and agree-
ment with evolutionary models were tested by bootstrap
resampling of the polymorphisms (9, 18, 19).

The Evolutionary Tree

Observed genetic distances are shown in Table 1. The tree
calculated by maximum likelihood (23, 24) for a model
assuming constant evolutionary rates is shown in Fig. la.
This tree confirms the hypothesis that the earliest divergence
in human evolution separated Africans and non-Africans (5,
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Table 1. Estimates of genetic distances among five populations,
based on data for 99 DNA polymorphisms

PygC PygZ Eur Chi Mel
PygC - 0.023 0.088 0.144 0.133
PygZ 0.043 0.084 0.139 0.139
Eur 0.141*t 0.142*t 0.058 0.086
Chi 0.235*t 0.235*t 0.093 0.094
Mel 0.242*t 0.265*t 0.148 0.171

Distances above the diagonal are Nei's unbiased estimates of
standard genetic distance (20). Those below the diagonal are based
on FST (21), also corrected for sampling error due to the small number
of individuals tested. The two distances are proportional to each
other in the observed range, with a ratio of the FST distance to Nei's
standard genetic distance of 1.80 ± 0.04. The five populations are
Pygmies from the Central African Republic (PygC), Pygmies from
Zaire (PygZ), Caucasoids of European origin (Eur), Chinese (Chi),
and Melanesians (Mel). According to a treeness test (22), given the
tree of Fig. la the six distances between the two African populations
and the three non-African populations (*) are expected to be equal.
This expectation under constant evolutionary rates is not borne out
by the data. A significance test by bootstrap of the difference
between the average of the African-European distances (t) and the
average of the African-Chinese and African-Melanesian distances
(t) (t = -0.1028 ± 0.0252, P < 0.0001) shows that Africans are
significantly closer genetically to Europeans than to Chinese or
Melanesians. This probability is sufficiently small to compensate for
the fact that we have chosen one of several possible comparisons of
the six distances. For the Fs-r simulation an additional polymorphism
was included; the differences in genetic distance are minor.

6, 8, 9). The second fission suggested by these data separates
Melanesians from Chinese plus Europeans. This is consistent
with the observation based on classical genetic markers that
the second divergence separated Australians, New Guine-
ans, and Southeast Asians from North Eurasians (and Am-
erinds, not tested here) (9).
The fit of this tree, however, is not acceptable. If genetic

evolution in different lineages is independent and occurs at
equal rates, we expect all distances between pairs of popula-
tions generated by a specific tree node to be equal (22). For
example, all distances between African and non-African pop-
ulations are expected to be equal. It is clear from Table 1 that
the observed distances do not agree with this expectation: the
distances between the African populations and Europeans are
significantly smaller than the distances between the African
populations and the other non-African populations.
With alternative approaches to tree construction that allow

evolutionary rates to vary, the branch corresponding to
Europeans is very short, and shorter than the Chinese branch
(Fig. 2). Because of the lack of specific hypotheses on
evolutionary rates, the trees are all unrooted and their
topology is slightly different from that of Fig. la, with the
European branch splitting off before the separation of Chi-
nese and Melanesians. Short lengths for European and re-
lated branches have been observed previously for trees
constructed from classical genetic data (1, 8, 30). Two
possible explanations for the short European branch are (a)
that after the fission, Europeans diverged at a much lower
evolutionary rate, or (b) that Europeans are descendants of
a population that arose due to admixture between two
ancestral populations. The ad hoc hypothesis of a lower
evolutionary rate in Europe is not further testable. We can,
however, rule out one possible cause of such a reduction of
evolutionary rates: the increase in population density due to
agriculture. This was of such magnitude (31) that it may have
frozen genetic drift in Europe. However, because this in-
crease in density occurred fairly recently relative to the time
of settlement of moderm humans in Europe, it cannot have
caused a reduction of more than 20-25% in the evolutionary
rate of Europeans; trees such as that of Fig. 2 indicate a
reduction of the order of 80-90%o. In contrast to the lower
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FIG. 1. (a) Rooted tree constructed by maximum likelihood,
assuming constant evolutionary rates, for the five populations whose
distances are shown in the lower triangle of Table 1. Eighty-four
percent ofbootstrap replicates give the tree topology ofa, supporting
the sequence of fissions. Standard errors of branch lengths were
estimated using the bootstrap. The time scale was based on the
hypothesis that the separation of Africans from non-Africans took
place 100,000 years ago (25). (b) Tree constructed by maximum
likelihood, assuming a model of admixture between ancestral Afri-
cans and ancestral Asians, fitting the distances of the lower triangle
of Table 1. According to this model two divergent populations
contribute in specified proportions to form anew population. Various
pairs of ancestral populations from which the European branch may
have descended by admixture were tested for choosing ancestral
types that contributed to the admixture. Data were found to be most
consistent with this tree; ancestral Europeans are estimated to be an
admixture of 65% ancestral Chinese and 35% ancestral Africans.

evolutionary rate hypothesis, the hypothesis that the shorter
branch leading to Europeans is due to admixture is testable.
This hypothesis was suggested earlier for the analysis ofthree
populations (Africans, Europeans, and Northeast Asians;
ref. 7) but was not quantitatively analyzed. One can show that
a branch to a population resulting from admixture tends to be
shorter than other branches when methods are used that do
not require constant evolutionary rates, by a simple exten-
sion of the theoretical treatment of admixture between
branches of a tree (22).

Europeans as an Early Admixture

We used a modified maximum-likelihood method to test the
general model of admixture, using formulas derived from
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Melanesians Chinese

Branch
a b c d e f g

minimum string* 13.5 15.2 56.1 11.3 7.7 41.1 74.6
neighbor-joining 17.5 25.5 111.1 8.9 26.1 67.7 103.9
least squares* 19.4 23.6 113.6 6.9 24.4 65.3 107.7

*assuming neighbor-joining topology

FIG. 2. Tree constructed using Nei's neighbor-joining method,
from genetic distances of the lower triangle of Table 1. The branch
lengths estimated by three different methods, including "neighbor-
joining" (20), "minimum-string," and "least-squares" (1, 26-29),
are given. The European branch joins the tree between the branch
leading to Africans and that leading to Chinese plus Melanesians;
branch e is significantly different in length from zero, according to
bootstraps of the minimum-string tree for the neighbor-joining to-
pology. C.A.R., Central African Republic.

those given in ref. 22. The data were found to be consistent
with admixture between the branch leading to Chinese after
their separation from Melanesians and the branch leading to
the two African populations (Fig. lb). From maximum like-
lihood estimates the European admixture consisted of 65%
Chinese ancestors and 35% African ancestors (with a stan-
dard error of ±8%) and took place at a time =70% of the total
since the origin, or 30 ± 6 kiloyears (kyr) ago. Based on the
admixture model, the other divergence-time estimates are
also modified (Fig. lb). In particular, the time of separation
of Melanesians and Chinese is slightly decreased (to 68 ± 8
kyr) compared with the estimate based on the analysis
without admixture.

This admixture model fits the data very well. Its major
weakness is that it is extremely specific in assuming that
admixture took place rapidly, followed immediately by sep-
aration. While this series of events is possible, it seems
unrealistic. Further modification of the model to incorporate
gene flow between the ancestral African and ancestral Asian
neighboring populations over a span of several thousand
years would probably change the fit very little. Incorporation
of cycles of admixture would have a similar effect and might
also be more realistic. One might even postulate a continuous
admixture, in time, in space, or in both: a chain ofpopulations
somewhat similar to a stepping-stone model in which the
ancestors of Europeans are geographically intermediate be-
tween the two extremes, Africans and Asians. Similar mod-
els, simulated and tested with tree programs, give rise to trees
having a comb structure with short intermediate teeth (30),
not unlike the observed tree. The actual situation was prob-
ably somewhere between the two extremes of instantaneous
admixture and continuous flow; it is unlikely that quantitative
analysis of these data will allow us to choose satisfactorily
from among these two extremes and the intermediate situa-
tions. The intermediacy of the Europeans with respect to the
African and East Asian populations may also be due in part
to bias in the selection of polymorphisms; most of them were
selected because they are polymorphic in European popula-
tions. The average heterozygosity for these markers in the
European population (0.373 ± 0.014), however, is not much
higher than in the other four populations (Chinese, 0.340 +

0.018; Central African Republic Pygmies, 0.313 ± 0.019;
Zaire Pygmies, 0.304 ± 0.019; Melanesians, 0.267 ± 0.020).
It does not seem likely that the bias thus generated could be
responsible for the observed intermediacy of Europeans.
Testing this hypothesis requires using polymorphisms iden-
tified in other populations.

Historical evidence suggests that admixture was likely.
The expansion of modem humans who replaced Neander-
thals in Europe probably originated in West Asia; the lan-
guages spoken in paleolithic Europe, of which Basque is the
only widely accepted surviving descendant, appear to have
some residual similarity to languages from the Caucasus in
West Asia (32). The population that originally replaced
Neanderthals 30-40 kyr ago may have already been a mixture
between Africans and East Asians, because West Asia is
geographically intermediate between Africa and East Asia. A
later expansion from the Near East toward Europe, Asia, and
North Africa began with the spread of farmers 9-10 kyr ago
(31). The estimated date of this last event is later than
expected based on the 30-kyr date calculated for the single
admixture, but this may have been one of several cycles of
admixture.
The advantage of the admixture model we have suggested

is that it fits the genetic data very well; it is likely that many
other admixture models would do the same, but those models
are more complex and less easy to study. We therefore
choose to retain our simple admixture model and are pre-
pared to replace it with other models giving good formal fits,
if or when additional data from other populations or new
external evidence give them preferential support. The model
is also relevant for our next aim, the test of natural selection.

Natural Selection or Neutral Variation?

The 100 polymorphisms differ considerably in variation of
gene frequencies across populations. The most stable one
(HP/BamHI) has the lowest gene frequency (0.35) in Chinese
and the highest (0.46) in Zaire Pygmies. The most variable
one (ADH2/Rsa I) has the lowest frequency (0.13) in Chinese
and the highest (1.00) in the two Pygmy populations. Data are
published in detail elsewhere (38). The usual measure of
variation of a polymorphism among populations, FST,1 has a
theoretical range of 0-1; the two polymorphisms mentioned
above have FST values of 0.00 and 0.49, respectively. The
average FST value from all 100 polymorphisms is 0.139 ±
0.010. It does not differ significantly from that of the 120
"classical" (non-DNA) polymorphisms (0.119 ± 0.010) cal-
culated for 42 world populations (used in ref. 9). The ob-
served average FST value for the 61 known genes (0.144) does
not differ significantly from that of the 39 anonymous seg-
ments (0.133). Nor does the average for the biallelic genes
(0.139) differ from that of the multiallelic polymorphisms
(0.140).
The variation of FsT from one polymorphism to another

may help us establish whether natural selection is playing a
role or whether variation is selectively neutral. In the latter
case the only force at play is drift; we expect this pressure to
be equal for all genes, since drift depends only on demo-
graphic properties of the populations and not on the partic-
ular gene being studied (33). FST will still vary from gene to
gene, but the extent of variation will be predictable. Ifnatural
selection is at play, and if in some environments one allele is
favored while in others a different allele is at an advantage
(disruptive selection), then FST for that gene is expected to be
higher than for a gene affected by drift alone. If, on the other
hand, natural selection favors the heterozygote over both

IFsT is the ratio of the variance ofm gene frequencies, X(pi - T)2/(m
- 1), to the maximum value of this variance, p(1 - p), where pi are
the m gene frequencies and p is the average gene frequency.

C.A.R. Pygmies

Zaire Pygmies

Method
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homozygotes (stabilizing or balanced selection), then we can
expect FST to be lower than average.

In order to evaluate the variation of FST in the five popu-
lations, we must first predict the distribution of observed FST
values under drift alone. We can then compare this to the
observed distribution to see whether there is evidence that
some genes have significantly low or high FsT values. An
attempt to make this prediction for classical human polymor-
phisms (34) was inconclusive, partly because too few poly-
morphisms were used. In addition, the attempt was criticized
(35) because the populations were assumed to have evolved
independently from each other. In fact the evolutionary his-
tory of these populations is known at least approximately and
produces constraints that affect the theoretical FST distribu-
tion under drift alone, as shown by Robertson (35).

In the present case the number of polymorphisms is large,
few have reached fixation, and evolutionary history is reason-
ably well known. It was thus possible to set up a simulation
that took evolutionary history into account. The conditions of
the simulation are briefly summarized in Fig. 3, which shows
two simulated distributions of FST for given initial gene fre-
quencies, on which the distribution depends. The main as-
sumptions ofthe simulation are that the average FST equals the
observed one (0.139), gene frequencies are distributed as Beta
variates (22, 34), and the population size in each branch
remains constant. Simulations were carried out separately for
the two evolutionary histories suggested by the two trees of
Fig. 1. The second, more conservative case is represented in
Figs. 3 and 4. It involves a modest decrease in the variation of
simulated FST values compared with the first.
From the percentiles of distributions such as those of Fig. 3,

for each of a number of initial gene frequencies from 0.01 to
0.99, we built the curves of Fig. 4. Percentiles (from 1% to
99%6) of the FST distributions are plotted as a function of the
initial gene frequency. Because the curves joining equal per-
centiles are symmetric around the gene frequency of50%, only
the gene frequency values between 0%16 and 50% are repre-
sented.

10-
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FIG. 3. Simulation of the FST distribution of five populations
expected to average 0.139 at the end of evolution. The tree simulated
was that of Fig. lb. For each evolutionary interval (i.e., every
segment of the tree) the gene frequency change was simulated by
taking a random sample from a Beta distribution. Parameters of the
distribution were based on (a) the initial gene frequency, equal to po
for segments starting at the origin and determined by the simulated
process for lower segments, and (b) the fraction of the total FST
(0.139) that is proportional to the relative length of the segment being
simulated. For each initial gene frequency between 0.01 and 0.99
(steps of0.01 between 0.01 and 0.10 and between 0.90 and 0.99; steps
of 0.05 between 0.10 and 0.90), 100,000 FsT values were calculated
in order to generate distributions for each initial gene frequency, po.
Two examples of such distributions are shown here: one with initial
gene frequency po = 1o, and one with initial gene frequency po =
50%o.
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FIG. 4. FST values plotted versus the initial gene frequencies that
were used to simulate the FST distributions, two of which are shown
in Fig. 3. Curves represent the various percentiles of the simulated
FsT distributions for different initial gene frequencies. As these
curves are symmetric around initial gene frequency of 50%o, only the
left half of the 0-100lo range of initial gene frequencies is repre-
sented. Diamonds are the observed FST values for the 100 polymor-
phisms plotted against the corresponding mean gene frequency.
When there are more than two alleles, the most common allele is
represented. All average gene frequencies, x, greater than 50%30 are
represented as 100 - x. Two polymorphisms are represented by the
diamond at FST = 0, gene frequency = 0.4.

The diamonds in Fig. 4 are the observed FsT values ofthe 100
polymorphisms. If drift is the only force causing divergence
between populations, one expects 1% ofall observed FST values
to be below the curve corresponding to the first (1%) percentile,
4% to be between the first percentile and the fifth percentile, and
so on. Fig. 5 compares the number ofFsT values expected in the
various percentile classes with the number observed. There is
an excess ofobserved FsT values at each end ofthe distribution,
and therefore there are fewer in the middle. In other words,
there are too many Fsr values that are small, and too many that
are large. The overall difference between the numbers of
expected and observed FST values is significant (P = 0.0023,
Smirnov's x2 approximation).

Is this discrepancy due to natural selection? Before we
accept such a strong statement we must consider a possible
complication. In the drift model, population size is assumed
to be constant. It is not easy to predict the effect that a
deviation from this assumption would have on the distribu-
tion of FST values. It could cause an increase of variapce,
which might explain an excess of both low and high FST
values. However, the effect would clearly depend on the
extent of variation of the intensity of drift over time (in
practice, on the extent ofthe variation ofpopulation size over
time). We have no information regarding this point. One can,
however, calculate a population size (average of all branches)
that would lead to the observed average value of FsT. The
result is an effective population size of Ne = 13,000, which
corresponds to an approximate total census size of 40,000 in
every branch. 11 This is not an unrealistic estimate for popu-

'The relationship between FST, time, and population size is: FST =

1 - e-'2Ne, where t is the number ofgenerations of 25 years and N,
is the number of reproducing individuals, or effective population
size, in each branch (36), which is roughly one-third of the census
size (37).
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FIG. 5. Histogram showing the ratio of the number of genes
observed to the number expected within each percentile range of the
distribution of FST given in Fig. 4. The upper, heavy broken line
indicates the expected rectangular distribution. If all FST values fit a
model for neutral genes, their distribution would correspond to the
horizontal line going through ordinate = 1. Deviation from this
rectangular distribution is highly significant (X2 = 61.05, 13 df, P <
0.001). Because an excess of FST values are low or high, the
horizontal line corresponding to the fraction of genes that can be
assumed to be neutral is below 1. The lower horizontal line corre-
sponds to the best estimate of the distribution of neutral alleles,
assuming that neutral alleles would give a rectangular distribution. Its
height (0.63) indicates the minimum fraction of genes that behave as
selectively neutral (assuming that population sizes are constant). The
height of this lower broken line is calculated by progressively
excluding classes of Fs-r values at the left and right extremes on the
abscissa, until the numbers of genes shown in the ordinate in the
residual FST classes are not significantly different from equality as
tested by x2. The x2 value corresponding to the lower line is 5.30 (8
dO).

lation sizes of the main branches during the Paleolithic.
If the variation of population size over time does not

contribute to the excess variation of FST between genes
above that expected under drift alone, then the excess must
be due to stabilizing natural selection at the lower end and
disruptive selection at the upper end of FST values. One can
estimate a minimum fraction of genes evolving under drift
alone, and therefore selectively neutral, by calculating the
fraction of polymorphisms compatible with a rectangular
distribution of FST values. This is given by the lower broken
horizontal line in Fig. 5 and corresponds to 63% of all
polymorphisms.
A model of extreme fluctuation in population sizes might

account for the observed FST variation, but it seems more
likely that at least part of the deviation from the simulated
distribution is due to the existence of either disruptive or
stabilizing selection for a number of these genes. We estimate
that the fraction of selected genes in our present data set may
be as high as one-third, but this is likely to be a maximum
estimate. If the variation of population size in time and space
or other related factors have had a major effect in increasing
the variation of FST values over and above that calculated
here, then the estimate that two-thirds of the genes are
selectively neutral is a conservative one.
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